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FIG. 4. 12C L (left) and T (right) responses with the ED-RMF, RPWIA and EDAI-C models. The transferred
momentum q is (from up to bottom) 300, 380 and 570 MeV/c.

present in the ED-RMF approach) is to shift the
peak to the right position, according to the data,
to reduce the total strength and to redistribute
it from the peak to the tails. Further we
compare the ED-RMF results with those from (the
real part of) the energy-dependent A-independent
carbon relativistic optical potential EDAI-C [39].
This phenomenological potential was extracted by
fitting elastic proton-carbon scattering data in
the range 30 < Tp < 1040 MeV, Tp being the
proton kinetic energy. The two approaches (ED-
RMF and EDAI-C) provide very similar results for
large enough values of the momentum transfer,
q > 300 MeV/c [40]. However, the EDAI-
C, unlike the ED-RMF, does not preserve exact
orthogonality between the initial and final states;
hence, when the momentum of the final nucleon
is comparable to the momentum of the bound
nucleon (i.e., approximately p < 300 MeV/c), the
overlap between the two states is significant, and
as a consequence the spurious non-orthogonality
contributions become an issue for EDAI-C as well
as for RPWIA. This is confirmed by our results,
in which one observes that even though EDAI-C
and ED-RMF are very similar both in shape and
magnitude, the agreement with the data is slightly
better for ED-RMF, specially, at lower energies.

In view of the results, our relativistic mean-field
based model, with one- and two-body current con-
tributions to the 1p1h QE peak, can simultane-
ously describe the longitudinal and transverse elec-

tromagnetic responses of 12C in the quasielastic
regime. The key contribution of this work is the in-
corporation of the two-body meson exchange cur-
rent contribution to the 1p-1h channel. It includes
the delta resonance mechanism and background
terms. We find that the e↵ect of the two-body
currents is only significant in the transverse chan-
nel, where the response is increased up to a 34%,
leading to a improved description of the data com-
pared to the one-body case. The delta resonance
mechanism is the main responsible of this result,
giving the larger contribution.

This work paves the way for the leap to neutrino-
nucleus interaction processes. We point out
that in the case of charge-current quasielastic
(anti)neutrino reactions the transverse response
is clearly the dominant one [41, 42], except at
very low four-momentum transfer. Therefore, we
expect the two-body current mechanisms to play
an important role in the neutrino sector.

This work was supported by the Madrid Govern-
ment under the Multiannual Agreement with Com-
plutense University in the line Program to Stimu-
late Research for Young Doctors in the context of
the V PRICIT (Regional Programme of Research
and Technological Innovation), Project PR65/19-
22430 (T.F.-M. and R.G.-J.) and RTI2018-098868-
B-100 (MCIU/AEI,FEDER,EU) (J.M.U.). The
computations of this work were performed in
Brigit, the HPC server of the Universidad Com-
plutense de Madrid.

Observed a significant enhancement 
coming from interference between one- 
and two-body currents
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significant contribution in the dip region between
the QE and the delta resonance peaks [11–16].
Regarding the role of MEC in the 1p-1h responses,
there is some controversy. In [17], using a non-
relativistic shell model that incorporates final-
state interactions, they obtained that the two-
body current results in a small decrease of the
transverse response (RT ). In [18], however, using
a similar nuclear model, it was found that the
two-body currents enhance RT by around 20-30%.
In both approaches, by construction, the two-
body operator does not a↵ect the longitundinal
response (RL). Recently, the ab initio model
of [19] has confirmed the essential role of two-
body mechanisms to describe the electromagnetic
responses of light nuclei. The non-relativistic
approaches mentioned above are constrained to
work only at relatively low momentum transfer.
Hence, MEC 1p-1h e↵ects have also been studied
within relativistic frameworks, but at the prize of
reducing the details and complexity in the nuclear
structure and dynamics (e.g. the approaches in
[20–23] based on the relativistic Fermi gas model).

The results presented in this work are computed
within a fully relativistic and quantum mechani-
cal framework, where the initial state is described
by an independent-particle relativistic mean-field
(RMF) model [24], and the final-state is consis-
tently described by solving the Dirac equation for
the final nucleon in the presence of relativistic po-
tentials. This way we obtain a realistic description
of the scattering process that, contrary to the non-
relativistic approaches, can safely be applied in the
entire energy region. We compare our calculation
of the electromagnetic responses of the 12C nucleus
with the available experimental data. We find the
contribution of MEC negligible in the RL while it
increases the RT by around 30%. The agreement
with data is good in general and astonishing in
some cases.

The inclusive hadronic responses are given by
the integration over the variables of the unobserved
final nucleon and the summation over all initial
nucleons:

RL,T =

Z 2⇡

0
d�N

Z 1

�1
d cos ✓NK

X



R

L,T . (1)

 represents the occupied nuclear shells (for
neutrons and protons), ✓N and �N are the angles
of the final nucleon, and K is a function containing
kinematical factors

K =
MBMNpN

MAfrec
, frec = 1 +

!pN � qEN cos ✓N
EApN

.

(2)

The functions R

L,T are the exclusive hadronic

responses for each particular shell. They are
linear combinations of di↵erent components of the
hadronic tensor Hµ⌫

 :
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
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 , (3)

defined in a coordinate system with the z-axis in
the direction of the transferred momentum q =
(0, 0, q). The hadronic tensor is given by

H
µ⌫
 =

X

mj ,s

[Jµ
,mj ,s]

⇤
J
⌫
,mj ,s, (4)

where the hadronic current is

J
µ
,mj ,s /

Z
dp 

s
(p+ q,pN )Oµ mj

 (p). (5)

p is the momentum of the bound nucleon and
mj the third-component of its total angular
momentum j. pN is the asymptotic momentum
of the final nucleon and s its spin.

The bound wave function  
mj
 is obtained

with the RMF model of [25]. For describing
the final nucleon wave function  s, we use
the energy-dependent relativistic mean-field (ED-
RMF) potential, which is real, so that no flux is
lost due to the imaginary part of the potential.
The ED-RMF is the RMF potential used in the
bound state but multiplied by a phenomenological
function that weakens the potential for increasing
nucleon momenta (see details in [26, 27]). The
main advantage of this choice is that it preserves
the orthogonality between the initial and final
states.

The hadronic current operator O
µ of eq. 5

includes all the processes that lead to a final 1p-
1h state. Apart from the usual one-body current
operator, we include a two-body current operator
that accounts for one-pion exchanged between
interacting nucleons inside the nucleus. Thus, the
hadronic operator reads

O
µ = �µ1b + �

µ
2b. (6)

The one-body current contribution is given by
the usual CC2 prescription [28–30]. The two-
body operator is the sum of the contributions
corresponding to the diagrams shown in Figs. 1 and
2. They are discussed in detail in what follows.

We distinguish two di↵erent contributions to the
two-body current: i) diagrams where a delta (�)
is involved, and ii) the background terms from

Hadronic current, with bound wave function 
obtained within a RMF approach
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FIG. 1. Delta contributions.

FIG. 2. Background contributions: seagull or contact
[CT, (a) and (b)] and pion-in-flight [PF, (c)].

the ChPT ⇡N -Lagrangian 1. When the 1p-1h
excitation occurs through a two-body current, one
of the outgoing nucleons becomes bound to the
nucleus again entering in the hole left by the other.
In this way, the hadronic final state consist in
just a nucleon. The quantum numbers of the
two nucleons are changed, and the 1p-1h matrix
element is obtained via the integration of the
intermediate one-particle state over all occupied
levels in the ground state. The description of
the intermediate nucleonic state is approximated
by using free Dirac spinors, as done in infinite
nuclear matter [23]. Then, the integration over
the occupied levels of the ground state implies
a sum over spin and isospin and an integral
over the intermediate momentum pph. In the
delta resonance diagrams, every process can occur
through an intermediate proton or neutron, N

0,
such that both contributions have to be summed.
In this way, the neutron and proton contributions
from diagrams (a) and (d) cancel each other and
only the delta diagrams (b) and (c) contribute.

1 The expressions of the vertices used in this work can be
found at Appendix A in [31].

The current operators are given by

�µ
�,(b) = �I

gA

2f⇡
�⇡�N

Z
dpph

(2⇡)3
M

Eph
�↵
�⇡N

⇥ S�,↵��
�µ
��N⇤(Pph)

1

K2
⇡ �m2

⇡

/K⇡�
5
, (7)

�µ
�,(c) = �I

gA

2f⇡
�⇡�N

Z
dpph

(2⇡)3
M

Eph
/K⇡�

5

⇥ ⇤(Pph)
1

K2
⇡ �m2

⇡

�̄↵µ
��NS�,↵��

�
�⇡N , (8)

with �̄↵µ
��N (Pµ

N , Q
µ) = �

0
h
�↵µ
��N (Pµ

N ,�Q
µ)
i†

�
0,

K
(b)
⇡ = Pph � P , P

(b)
� = Pph + Q and K

(c)
⇡ =

P
0
N � Pph, P

(c)
� = P � K

(c)
⇡ . I is the isospin

coe�cient of each diagram, given in Table I. To
shorten the expressions we have introduced the
nucleon projector

⇤(Pph) =
/P ph +M

2M
. (9)

The hadronic current operators for the back-
ground terms read,

�µ
ChPT,(a) = I

g
2
A

2f2
⇡

FCT �2
⇡NN

Z
dpph

(2⇡)3
M

Eph

⇥ /K⇡�
5⇤(Pph)

1

K2
⇡ �m2

⇡

�
µ
�
5
, (10)

�µ
ChPT,(b) = I

�g
2
A

2f2
⇡

FCT �2
⇡NN

Z
dpph

(2⇡)3
M

Eph

⇥ �
µ
�
5⇤(Pph)

1

K2
⇡ �m2

⇡

/K⇡�
5
, (11)

�µ
ChPT,(c) = I

g
2
A

2f2
⇡

FPF �⇡NN (K1)�⇡NN (K2)

⇥

Z
dpph

(2⇡)3
M

Eph

(Q+ 2P � 2Pph)µ

(K2
1 �m2

⇡)(K
2
2 �m2

⇡)

⇥ /K1�
5⇤(Pph) /K2�

5
, (12)

with K
(a)
⇡ = P + Q � Pph, K

(b)
⇡ = Pph � P and

K
(c)
1 = Q+ P � Pph, K

(c)
2 = Pph � P .

To account for the nucleon structure we also in-
troduce form factors in the background operators:

FCT (Q
2) = FPF (Q

2) = F
V
1 (Q2). (13)

where F
V
1 is the isovector nucleon form factor.

Furthermore, we have added a strong form factor
in the �⇡NN and ⇡NN vertices, �⇡NN , and in
the ⇡�N vertex, �⇡�N , which accounts for the
o↵-shell nature of the pion:

�⇡NN (K⇡) =
⇤2

�m
2
⇡

⇤2 �K2
⇡

, �⇡�N =
⇤2
⇡�N

⇤2
⇡�N �K2

⇡

,

(14)
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